Introduction
Worldwide freshwater systems are contaminated with a plethora of trace compounds, originating from both synthetic and natural trace sources. Although the concentration of individual compounds in water may be low (micropollutant: picograms per litre to nanograms per litre), the effect of the mixing and inter-reaction of many compounds together (co-contamination) is a significant concern, primarily for long-term effects on aquatic life and human health (Schwarzenbach et al. 2006) . The need for screening tools that help to understand the impact of these micropollutants and of their combination on the aquatic biota and potentially on human health is particularly urgent.
Microbial fuel cells (MFCs) have enormous potential as biosensors for water quality . MFCs are bioelectrochemical devices that produce electrical energy through the action of specific microbes (known as anodophiles), capable of transferring the electrons generated from the oxidation of organic compounds (the fuel), to an anode electrode. As a result, the current generated by MFCs directly reflects the metabolic activity of the anodophiles at the anode.
Under non-saturated fuel conditions, any variations in the concentration of the organic matter fed into the system, is directly proportional to the amount of electrons transferred onto the anode and therefore the output current. This is the basic principle behind the use of MFCs as amperometric sensors for the biochemical oxygen demand (BOD) in wastewater. MFC-type BOD sensors have proven to be a valid alternative to the traditional BOD5 analytical method, and a very powerful screening tool for in-situ, on-line, real time measurements with good operational stability Kim et al. 2003b) .
If, on the other hand, the MFC works at saturated fuel concentrations, with other parameters such as pH, salinity, temperature and anode potential remaining constant, then unexpected variations in the current output can be associated with the presence of toxicants in the feeding stream (Stein et al. 2010) . The presence of a toxicant in the feeding solution can in fact affect the microbial metabolism and growth with consequent changes in the current generated (Cockerham and Shane 1994; Wang et al. 2013) . The MFC can therefore act as an indicator for biologically active compounds in water (Kim et al. 2007 ). Currently, the methods to assay the bioavailability of a target toxicant involve the use of complex organisms such as fishes, daphnia, algae or bioluminescent microorganisms (Leal et al. 2012; Matsunaga et al. 1999; Qu et al. 2013; Zhang et al. 2012) . These methods require long incubation time (up to several weeks), and have low reproducibility and stability.
They also rely on the use of an external transducer to detect the signal from the organism, which complicates the measurement process and is often the cause of low accuracy.
The unique advantage of MFC-based biosensors is that there is no need for an external transducer, since the presence of a pollutant in the feeding stream is immediately recorded as a change in electrical output response from the system (Stein et al. 2012b ). The MFC technology can therefore lead to a cost-effective, simple, and sustainable screening tool that provides real-time, in-situ and continuous screening of biologically active pollutants in different water environments (Kim et al. 2007 ). Real-time screening systems are critical in the case of accidental large spills of toxicants, to allow immediate action and to minimise the negative environmental impact. Moreover, real-time screening is a vital step in assessing and monitoring the efficacy of the wastewater treatment in wastewater re-use programmes, for which there is increasing need as pressure on water resources grow and water directives become more stringent.
To date, the research on MFC-based sensors for toxicants in water considered only the two-chamber configuration. Single-chamber air-cathode MFCs (SCMFCs), on the other hand, are easier to miniaturise for cost-effective sensor development (Yang et al. 2013) . The advantage of miniature MFC sensing devices relies mainly on the improvement of the mass transport element, which minimises any differences in the analyte concentration at the input phase and the biofilm on the electrode, thus leading to a more reliable sensor (Stein et al. 2012b) . Furthermore, the better oxygen supply at the air-cathode of the SCMFC can improve the system operation and therefore enhance the detection range ). Due to the shorter distances within, the sensor response time is also faster for miniature MFCs (Dávila et al. 2011 ).
This work investigates the use of a small-scale air-cathode single-chambered microbial fuel cell (SCMFC) as a sensor for water quality. The SCMFC is a very compact and handy device that was fabricated using layer-by-layer 3D printing. The miniature SCMFC was first tested as sensor for the labile organic carbon in water, by assessing its amperometric response to increasing concentrations of acetate in water. Subsequently, the SCMFC was tested as a tool to rapidly detecting the presence of toxicants in water. In particular, cadmium was chosen as model toxic compound. This chemical is considered carcinogenic and in 1976 it was classified in Group 2A by the International Agency for Research on Cancer (IARC). The concentrations range of cadmium in rainwater, fresh waters, and surface waters in urban and industrialised areas, typically varies within 0.01 μg l -1 to 4 μg l -1 , depending on specific location (Elinder 1985) . The direct discharge from industrial operations, and the heavy use of fertilisers in agriculture can however cause accidental increase in these values, which might exceed the Maximum Contaminant Level (MLC) of cadmium in water systems (5 μg l -1 ).
The aim of this study was to provide proof-of-concept evidence that the small-scale SCMFC can be used as valid alternative to traditional expensive and time-consuming analytical methods, such as atomic absorption spectroscopy, for the real-time detection of cadmium in water. With this purpose, the amperometric response of the SCMFC to accidental spills of cadmium in water was tested in continuous mode. The performance of the biosensor was evaluated in terms of detection range, sensitivity, response time and reproducibility.
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Material and methods
Materials
All the reagents used were of analytical grade with no further purification prior to use, and were purchased from Sigma-Aldrich. All aqueous solutions were prepared with reverse osmosis purified water.
Microbial fuel cells
The air-cathode single-chamber microbial fuel cells were realised in polycarbonate acrylonitrile butadiene styrene (PC/ABS, Makerbot) by means of a rapid prototype 3D printer (Replicator® 2, Makerbot). The SCMFC components were layer-by-layer printed along with the incorporation while printing of the anode, proton exchange membrane (PEM), and cathode ( Figure 1 ). No fixtures, fittings or gaskets for sealing were necessary for the devices, thus leading to very compact, easy to use systems that could rapidly be produced.
The SCMFCs consisted of an anodic chamber (2 cm 3 total volume), and a fixed electrode spacing of 0.5 cm. The anode and the cathode were made of carbon cloth (untreated carbon cloth type B, E-Tek USA) with a total exposed surface area of 2 cm x 2 cm. Nafion 117 (Sigma-Aldrich) was used as the proton exchange membrane (PEM), which was hot pressed to the cathode by applying a pressure of 3 bars for 30 s at a temperature of 100 °C. Titanium wire (Goodfellow Cambridge Ltd) was threaded along the carbon cloth electrodes and used for the electrical contacts.
Opposing inlet and outlet ports were introduced by drilling a 1.1 mm hole on in the anodic chamber, and tubing (ID 1mm, 1 cm long) for continuous flow was glued inside the holes. 
Operation of the microbial fuel cells
Artificial wastewater (AW) was prepared as previously described ) and autoclaved prior to use. Acetate was added to the AW as the carbonenergy source at a concentration varying in the range 0.2 -10 mM. The resulting fuel was purged with nitrogen before being fed to the SCMFC.
The anode and cathode of the SCMFCs were connected through a voltmeter (ADC-24 Pico data logger), and a fixed external resistance (Rext) of 1 kΩ was applied to polarise the cells and monitor the cell potential (V) under closed circuit conditions.
The resultant current (I) was calculated with the Ohm's law ( = )
The cells were fed with AW at a flow rate of 0.1 cm 3 min -1 by using a programmable multichannel peristaltic pump (Masterflex®, Cole Parmer) equipped with 2-stopped pump tubing (Masterflex®, ID 1 mm). The resulting hydraulic retention time (HRT) inside the cells was 2 min.
The maturing of the electrochemically active bacteria at the anode (enrichment), was performed by inoculating the SCMFCs with a 5%(v/v) mixed culture of bacteria.
These were extracted from the anodes of operating in continuous flow MFCs at the Bristol Robotics Laboratory . The cultures were allowed to grow for 18 -24 hours at room temperature in a growth medium flask containing: 1% tryptone; 0.5% yeast extract; 2 mM potassium acetate; 1% sodium sulphate.
During the enrichment, the feeding solution was freshly prepared on a daily basis and was continuously recirculated in the SCMFCs. Once a stable current was observed, the cells were fed with only AW with a specific COD value.
Testing the miniature SCMFCs as biosensors
The MFCs with enriched electroactive bacteria at the anode were initially tested as sensors for the labile organic carbon content in water.
The tests involved the continuous monitoring of the output current generated by the SCMFCs fuelled by AW with chemical oxygen demand (COD) values in the range 0.8-800 ppm obtained by varying the concentration of acetate in AW.
Subsequently, the SCMFCs were tested as a tool for detecting the presence of cadmium (as CdSO4, anhydrous, 99.99%, Sigma-Aldrich) in water. The tests involved feeding the SCMFCs with AW containing 3 mM of acetate and cadmium as specified (concentration within the range 0.1 -100 μg l -1 ) for a total period of 6 min.
Afterwards the SCMFCs were fed with fresh AW containing 3 mM acetate and no toxicant. To avoid irreversible damage to the electroactive bacteria at the anode, only one test was performed per SCMFC (three in total) per day.
All the tests were carried out at room temperature, which was 20 ± 3 °C. Each experiment was performed in triplicate
Analyses
This study refers to the COD, as it was more convenient to measure than the fivedays test for the biological oxygen demand (BOD5). For the specific AW used in this study with acetate as the only organic compound, the COD was equal to the BOD5.
The COD was determined by the standard method using chromate as the oxidant.
The internal ohmic resistance was measured by electrochemical impedance spectroscopy using a potentiostat (Autolab PGSTAT128N) with the cathode as working electrode and the anode as counter electrode and reference electrode.
Impedance measurements were carried out at open circuit voltage as previously specified ).
The coulombic efficiency, c, was calculated according to (Logan et al. 2006 ):
Where: F is the Faraday's constant; M is the molecular weight of oxygen; Iss (A) is the current at the steady state; z=4 is the number of electrons exchanged per mole of oxygen; Q (dm 3 s -1 ) is the flow rate through the MFC; ΔCOD (g dm -3 ) is the difference in the inlet and outlet COD.
The sensitivity of the SCMFC biosensor was referred against the anode total area (A, cm 2 ) and was calculated with the following formula (2):
Where ΔI (μA) is the unit change in the current output; Δc (mM) is the change in the COD value or in the concentration of cadmium, depending on whether the SCMFCs were tested as a COD or as a cadmium biosensor, per unit change of the current output. The ratio . Data is the average from three reactors with 5% accuracy.
After the seventh day of enrichment, it was assumed that a stable biofilm was formed at the anode of the SCMFCs, therefore no more bacteria were added to the feeding solution. This caused a 3.5% decrease in the inlet COD but no marked changes were recorded in the current output.
The enriched SCMFCs were fed with AW at several COD values obtained by varying the concentration of acetate in the range of 0.01 -10 mM. Figure 3 shows the amperometric response of the MFCs to the changes in the AW COD values.
A linear response between COD values and current output was observed in the range of 0.04 -2 mM (3 -164 ppm), with a sensitivity of 0.05 μA mM -1 cm -2 with respect to the anode total area. This linearity range defines the non-saturating fuel conditions for the SCMFCs. For acetate concentration higher than 2 mM (i.e. COD values higher than ~ 164 ppm) the current output was no longer affected by the fuel concentration. This is consistent with the substrate saturation behaviour of microbial community growth kinetics, since the biofilm population cannot metabolise at a rate of growth, max, faster than the maximum (Ledezma et al. 2012) . No detectable current was observed for acetate concentrations lower than 3 ppm.
Very good reproducibility within the three SCMFCs tested was observed, with a maximum variance of 1.5%. The observed dependence of current output to the concentration of labile organic carbon in water confirms previous results that demonstrate the use of MFCs as BOD sensor Kim et al. 2003a ).
The response time (tr) of the small-scale SCMFC sensor was defined as the time required to reach 95% of the steady-state current ). This resulted to be much shorter than other MFC-type BOD sensors previously reported (Table 1 ). In particular, tr of 2.8 ± 0.5 min was observed for when the fuel concentration was stepped-up, while in the case of a concentration step-down, tr was 8.7 ± 1.4 min. The reduced response time is a consequence of the system miniaturisation and the associated very low Reynolds numbers inside the anodic compartment, which leads to a response time close to the HRT (Moon et al. 2004 ).
The longer response time in the case of a step-down in the COD value is in agreement with previous findings and is attributed to the dissipation of the residual reducing power from the previous feeding with a high level of electron donors at the anode (Di ). Table 1 compares the performance of the small-scale SCMFC developed in this study with other recently reported MFC-type BOD sensors. As observed, the dynamic range of the MFC-type biosensor is wider in single-chamber MFCs, due to a greater oxygen supply at the cathode (no oxygen mass transfer limitation in water). A singlechamber design is also preferable to two-chamber configurations, since the costs of operation are reduced with no catholyte pumping or air/oxygen purging required.
Moreover, single-chambered MFCs are more compact and handy, and are simpler to further miniaturise. (Kim et al. 2003b) a With respect to the maximum current output versus BOD curve Notably, the detection range obtained with the miniature SCMFC is better suited towards lower COD values compared to a system previously reported ). The main difference between the two systems is in the anodic chamber size, with configuration, electrodes material and fuel used, being the same. Therefore, the enhanced detection limit at lower COD values can be attributed to the increased electrode surface area to volume ratio in the miniature device, and the consequent improvement in the mass transfer rates (ElMekawy et al. 2013 ).
Use of the micro SCMFCs as sensors for toxicants in water
The miniature SCMFCs were subsequently tested as sensors for the rapid detection of toxicants in water. In particular cadmium (Cd 2+ ) was chosen as toxic chemical.
Cadmium is an extremely toxic metal that is widely found in the aquatic environment (Zhang et al. 2012) . It enters the aquatic environment mainly from industries, being the key component in the production of batteries, electroplating and paint pigments.
However, it can also come from rocks and soils that are directly exposed to water systems. Cadmium is classified as a severe environmental pollutant (Friberg et al. 1986 ) and as a human carcinogen (Koriem et al. 2013 ).
The toxic event was simulated by feeding the SCMFCs, for a total period of 6 min, with artificial wastewater containing a saturating concentration of acetate (i.e. 3 mM), and cadmium (as Cd 2+ SO4 2-) at a concentration ranging from 0.1 to 100 μg l -1 .
Afterwards, the inlet was replaced with fresh AW without cadmium. Figure 4 show the schematic of the experiments performed that required the operation of several SCMFCs in parallel. SCMFCs 1, 2 and 3 were fed with the AW to be analysed to give a response averaged on three replicates. The other three MFCs (4,5,6) were fed with fresh AW to provide the reference current baseline. The latter were also used as reserve SCMFCs to replace any of the sensing SCMFCs in case their anode biofilms were irreversibly damaged due to the toxic event.
Figure 4. Schematic of the experiments performed. The toxic event was simulated by instantaneously feeding AW + cadmium to the SCMFCs 1, 2 and 3 for a total of 6 minutes. Afterwards, the devices were fed with fresh AW to re-establish the baseline current generated by the SCMFCs 4, 5, and 6. The AW contained 3 mM acetate as source of organic carbon. Figure 5 shows the effect that the injection of cadmium had on the current generated by the SCMFCs 1, 2 and 3. No detectable effects were observed for cadmium concentrations lower than 1 μg l -1 and therefore the relative data are not reported. On the other hand, the addition of cadmium in the inlet at concentrations higher than 1 μg l -1 caused a rapid drop in the current output that was depended on the concentration added ( Figure 5A ). For cadmium concentrations below 50 μg l -1 , once the normal operational conditions were re-established (i.e. no cadmium in the feeding solution), the current generated by the SCMFCs returned to the baseline value of 32.2 ± 1.2 μA. In this case it was therefore assumed that the presence of cadmium caused only temporary changes in the metabolism of the electroactive bacteria. After the addition of 50 μg l -1 of cadmium, the re-established steady-state current output was 4.3% lower, and concentrations of cadmium higher than 50 μg l -1 were excessively toxic for the system, causing permanent damage to the electroactive biofilm. Figure 5A shows that the current output instantaneously dropped to zero upon the addition of 100 μg l -1 of cadmium, and did not recover again after the toxic event.
The time required for the biofilm to recover was related to the cadmium concentration injected, being as fast as 4 min for a concentration of 1 μg l -1 . Generally, after approximately 12 minutes, a complete recovery was observed for all the cases of reversible anodic biofilm damage. In Figure 5B the current output after 6 min of cadmium injection is plotted against the relative concentration. As shown, a linear trend was observed in the range of 1 -25 μg l -1 with a R 2 value of 0.90 ( Figure 5C ). In these conditions, the SCMFC-biosensor sensitivity towards cadmium was of 0.2 μg l -1 cm -2 .
If operated as an on-site continuous monitoring system for a water environment, the miniature SCMFC sensor could therefore act as a real time early-warning tool in the case of spills of traces of cadmium. The very low concentration detection range is a key feature of the SCMFC sensor, since the maximum contaminant level above which exposure to cadmium affects human health has been set to 5 μg l -1 (Ivari et al. 2013 ). Traditional bioassays have detection limits in the order of mg l -1 (Zhu et al. 2006) , and other sophisticated analytical methods are too expensive, timeconsuming and not suitable for on-line monitoring (Lu et al. 2002; Yaman 2005) .
The sensitivity of a MFC biosensor depends on the specific characteristics of the target toxicant, the mechanism of interaction with the bacterial cells' and their affinity for the pollutant (Stein et al. 2012a ). The MFC design also plays an important role,
and microengineering can open new perspectives in the development of MFC-based sensors. In micro-MFCs the mass transport at the anode can in fact be markedly improved, thus minimising any difference in the toxicant concentration between the feeding stream and the biofilm (Stein et al. 2012a; Stein et al. 2011) . Miniaturisation can thus be a tool for enhancing the sensitivity of MFC-based sensors.
Currently, there is an increasing interest in miniaturising the biofuel cell technology, due to the very high power densities associated to small-scale devices (You et al. 2014 ). Still, the process of MFC miniaturisation is only at the beginning (Lee and Kjeanga 2010) . To the authors' knowledge, so far the only micro-scale MFC sensor produced by lithography was reported by Davila et al. This micro MFC-sensor consisted of two chambers, each of a volume of 144 µl, which employed potassium ferricyanide at the cathode (Dávila et al. 2011 ).
The effective monitoring of a water environment in practical applications would require the operation of several SCMFCs in parallel, as suggested in the scheme reported in the supplementary data ( Figure S1 ). An advantage of miniaturisation is that multiple miniature MFC units could be easily arranged in stacks, while keeping the overall device footprint still relatively compact and small. The layer-by-layer 3D printing technique adopted in this study can easily allow for a further miniaturisation of the SCMFCs, as well as for the realisation of a stack of multiple units. This will be the scope of future research.
Conclusions
This study shows the applicability of a small-scale single chambered air-cathode microbial fuel cell (SCMFC) as a screening tool for the real time detection of traces of cadmium in water. For the purposes of proving the principle, the MFC presented herein was tested with cadmium in pure water only. A natural water environment will contain other contaminants, which will affect the behaviour -and thus the electrical output -of the biofilm community. This will form part of our future work. The miniature SCMFC was fabricated with a rapid layer-by-layer 3D printing technique that easily allows further miniaturisation of the device as well as arrangements of multiple SCMFCs in stacks.
Under non-saturating fuel conditions (i.e. COD range: 3 -164 ppm) the sensor is capable of monitoring changes in the labile organic carbon content in continuous mode with response times as fast as 2.8 minutes.
Under saturating fuel conditions (i.e. acetate concentration of 3 mM) and fixed operational conditions (e.g. pH, temperature), the instantaneous addition of cadmium in the feeding water caused changes in the output current. In particular, the decrease in the current output generated by the SCMFCs was correlated to the concentration of cadmium injected, with a lower detection limit of 1 μg l -1 . For cadmium concentrations up to 50 μg l -1 the baseline current output was recovered within 12 minutes after the toxic event.
Although the sensitivity of the proposed MFC biosensor towards cadmium is very good, its specificity is still a challenge compared to highly selective sensors recently developed (Ivari et al. 2013) . Future work will investigate the response of the miniature SCMFC biosensor to other toxicants. The selectivity of the MFC biosensor towards several pollutants can be tuned by acting on the system overpotential (i.e.
the potential difference between the substrate redox potential and the anode potential) at which the MFC is operated as previously suggested (Stein et al. 2012a ).
The simultaneous detection of a range of pollutants in water could then be performed with an array of miniature SCMFCs operated at various anode potentials.
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